This study investigates the contribution of the temporal patterning of speech to the reduced intelligibility of foreign-accented utterances. Short English phrases spoken by a native Chinese speaker were instrumentally modi ed, using LPC resynthesis and dynamic time warping, so as to align the duration of acoustic segments with tokens of the same phrases spoken by a native English speaker, while retaining the spectral and source characteristics of the Chinese speaker. Similarly, the native speaker's productions were distorted to match the durational patterns of the nonnative speaker. Intelligibility of these stimuli was measured based on native English listeners' performance in a forced-choice identi cation test with four alternatives: the correct phrase plus three phonetically similar distractor phrases suggested by listening to the Chinese productions. Intelligibility of the unmodi ed Chinese-accented phrases was poor (39% correct), but improved signi cantly (to 58%) after temporal correction. Performance on the native productions was high (94%), but declined signi cantly (to 83%) after temporal distortion according to the Chinese speaker's timing. These results suggest that intelligibility of foreign-language speakers may be enhanced if explicit training is provided on temporal properties of their speech.
Introduction
This study investigates the e ects of the temporal properties of speech on the intelligibility of utterances produced by a nonnative speaker of English. The main question pursued is 1 INTRODUCTION 2 whether foreign-accented utterances show improved intelligibility when they are synthetically \corrected" to resemble the temporal characteristics of productions by a native speaker.
Temporal variation across languages
Languages vary in the way they organize elements of speech in time. Such variation in temporal structure has been described at many levels of analysis. For example, at the segmental level, many languages show a tendency for vowels to be longer before voiced obstruents than before voiceless ones, but the magnitude of this e ect varies greatly across languages. The e ect is very large in English (Flege, 1988, p. 337) , it is smaller but signi cant in French (Mack, 1982) , and it is negligible in Arabic (Port, Alani, and Maeda, 1980; Flege, 1979) .
At the level of syllables, languages have di erent phonotactic constraints on syllable shape. For instance, the phonotactics of English is less restricted than that of many dialects of Chinese, which do not allow intrasyllabic consonant clusters, and allow only a restricted set of consonants in the coda position (e.g. Cheng, 1966) . Languages also vary in their preference for certain syllable types over others. For example, an analysis of the frequency of syllable types in colloquial texts of several languages (Dauer, 1983) revealed that over 70% of French and Spanish syllables were open (e.g. CV and V), while more than 50% of English syllables were closed (e.g. CVC and VC). Constraints on (and preferences for) syllable type may be regarded as a domain separate from that of speech timing as such, but they may still in uence the temporal organization of speech. To the extent that the elements comprising a syllable have durations associated with them, the presence or absence of a segment (which may distinguish between a closed CVC syllable and an open CV syllable) has direct consequences for both articulatory timing and the temporal patterning of acoustic events.
Beyond the level of syllables, languages have been described using various terms such as \stress-timing", \syllable-timing", and \mora-timing" (Pike, 1945; Hoequist, 1983) , depending on which of these units tend to occur at regular intervals in a language. The search for cross-linguistic generalizations on global rhythm has been controversial (e.g. Dauer, 1983; Bertinetto, 1988; Port, Cummins, and McAuley, 1995) , but individual languages do vary with respect to how groups of syllables are organized into larger units such as feet and phrases. For instance, French and English both exhibit lengthening of utterance-nal syllables, but the magnitude of this e ect tends to be larger in French than in English (Delattre, 1966) . Meanwhile, phrase-non nal syllables are relatively similar in duration to one another in French, but di er as a function of stress in English (Levitt, 1991) . In a study comparing syllable durations in English, Spanish, and Japanese, English was found to exhibit shortening of accented syllables as the number of following unstressed syllables in a word increased (Hoequist, 1983 ; but see Nakatani, O'Connor, and Aston, 1981) . Neither Spanish nor Japanese showed such compensatory e ects.
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native utterances which diverge from the native norm. This in turn suggests the possibility that these temporal deviations may be one cause for reduced intelligibility of accented speech for native listeners.
Factors a ecting intelligibility
The intelligibility of abnormal speech has been addressed most extensively in the clinical literature dealing, for instance, with the speech of disarthric and hearing-impaired (HI) individuals (e.g. Osberger, 1992; Weismer and Martin, 1992) . Research in this literature has demonstrated that intelligibility is in uenced by a multitude of factors. For example, studies using correlational techniques have found that intelligibility scores obtained from normal listeners are negatively correlated with error measures of various acoustic-phonetic properties, such as vowel and consonant articulation (Levitt and Stromberg, 1983) , phonation and pitch variation (Smith, 1975) , and sentence rhythm (Hudgins and Numbers, 1942) . Alternative methods have also been used in which speech stimuli are instrumentally modi ed to match normal productions in speci c acoustic dimensions so that their e ects on intelligibility can be evaluated. Using this \speech transformation method" (Osberger and Levitt, 1979) , Maassen and Povel (1985) showed that the intelligibility of Dutch HI speakers' utterances increased by about 45% when \segmental" features alone were synthetically corrected, while it increased by about 14% when \suprasegmental" features were corrected 2 .
In addition to acoustic-phonetic properties, intelligibility is also in uenced by such experimental variables as phonological and syntactic complexity of the speech materials, number of stimulus repetitions for listeners, availability of visual cues, and listeners' prior experience with disordered speech (Monsen, 1983) . The speci c method for measuring intelligibility also varies from study to study (e.g. open-set vs. closed-set identi cation). Thus, it has been pointed out that intelligibility scores cannot be interpreted without taking into consideration the speci c conditions under which the data were collected (Kent, Weismer, Kent, and Rosenbek, 1989) .
Much less experimental work has been done on the intelligibility of foreign-accented speech, although a few studies in the English-as-a-second-language (ESL) literature have examined the e ect of certain phonetic factors. Ti en (1992) reported that the strongest cause of intelligibility failure for English productions by Nigerian speakers was rhythmic/stress errors, followed by segmental, phonotactic, and lexical/syntactic errors. Suenobu, Kanzaki, and Yamane (1992) reported that intelligibility of Japanese-accented English was lowest when it was analyzed with respect to consonant deletion, followed by wrong accentuation of words. In general, research on listeners' reactions to foreign-accented speech has been undertaken in a somewhat broader context compared to the clinical literature. Many more studies have focused on speakers' \comprehensibility" than on their \intelligibility" (e.g. Gass and Varonis, 1984) , incorporating semantic and sociolinguistic criteria such as \communicative 1 INTRODUCTION 5 e ectiveness" (Catford, 1950) and \comprehension . . . in the sense intended by the speaker" (Olsson, 1978; see discussion in Nelson, 1982) .
Perceptual e ects of foreign-accented timing
Numerous claims have been made in the ESL literature that inappropriate timing of syllables and inappropriate patterns of stress alternation account for a major part of the intelligibility de cit of L2 learners' utterances (e.g. Adams, 1979; Nelson, 1982; Kenworthy, 1987) . However, these claims have been made without empirical data that directly address the relationship between possible acoustic-phonetic correlates of English rhythm and degree of intelligibility. Empirical support for these claims are mostly indirect.
For instance, Anderson-Hsieh, Johnson, and Koehler (1992) asked experienced ESL teachers to rate the pronunciation of utterances by 60 nonnative speakers, and analyzed the scores with respect to three phonetic attributes: segmentals, syllable structure, and prosody. A multiple regression analysis revealed that all three variables played a signi cant role in predicting the pronunciation ratings, but the prosodic variable had the strongest regression coe cient, suggesting the relative importance of prosody. In a study by Anderson-Hsieh and Koehler (1988) , recordings of English passages read by nonnative speakers were presented to native listeners who gave several types of responses, including ratings of degree of perceived foreign accent, and answers to multiple-choice questions about the content of the passages. A close correspondence was found between the two measures, where passages which were perceived as more heavily accented received lower comprehension scores based on the multiple-choice questions.
These studies indicate that prosodic characteristics may be more important than other features in the perception of foreign accent, and that perceived foreign accent is in turn closely tied to native listeners' comprehension. However, the prosodic variable in AndersonHsieh et al.`s (1992) study was based on listeners' subjective ratings of \overall prosody"| including stress, rhythm, phrasing, and intonation|rather than on instrumental analysis of the nonnative productions. Also, the three phonetic variables in this study were found to be signi cantly correlated with one another, creating di culties when interpreting the independent contribution of individual factors. Finally, correlations between phonetic attributes and listeners' perception by themselves shed little light on possible causal links between them.
Rationale for this study
The rst goal of this study is to provide a quantitative estimate of the e ect of certain acoustic-phonetic properties of accented speech on intelligibility. Given the many sources of evidence indicating that nonnative speakers' productions deviate from the temporal patterns observed in native productions, and that this di erence is perceptible to native listeners, it is reasonable to ask what e ect it has on intelligibility.
The second goal is to obtain some estimate of the relative perceptual contribution of temporal properties on one hand and properties that are \complementary" to these on the other, such as spectral and source characteristics. Such an estimate is potentially of practical importance for the development of training methods for foreign accent reduction. 6 To achieve these experimental goals, we adopted the \speech transformation method" previously utilized in the HI literature (Osberger and Levitt, 1979; Maassen and Povel, 1985) . Short English phrases were produced by a Chinese speaker of English and a native English speaker. Chinese was selected partly because of the large structural di erences between Chinese and English (Cheng, 1966) . Using objective methods involving LPC-based speech coding and resynthesis (e.g. Atal and Hanauer, 1971 ) along with dynamic time warping (e.g. Rabiner, Rosenberg, and Levinson, 1978) , the Chinese speaker's productions were temporally modi ed so that the duration of acoustic segments matched the duration of corresponding segments in the native speaker's productions. Conversely, the native productions were temporally distorted to match the Chinese-accented productions. The temporally altered and unaltered phrases were then used as stimuli in a listening test with native English listeners, in order to directly assess the e ect of temporal modi cations on intelligibility. Intelligibility was quanti ed as the percent correct recognition of the phrases in a forced-choice identi cation test, with four alternatives on each trial: the correct intended phrase along with three distractor phrases which were perceptually similar to the correct phrase.
When the duration of individual acoustic segments are modi ed using this methodology, it is assumed that the modi cations do not simply exert temporal e ects at the segmental level, but that they also simultaneously a ect higher-order temporal features such as syllable shape and global rhythmic properties. That is, this method does not allow one to reliably separate durational e ects at the segmental level from other e ects at higher levels of linguistic description. Thus, the multiple levels will be operationally con ated into a single temporal dimension in this study, and our primary interest will be the combined e ect of \temporally de ned properties" on intelligibility. Two speakers were recruited. The rst was a native speaker of Taiwanese and Mandarin Chinese, who studied as a graduate student at Indiana University and spoke English with a noticeable accent. At the time his speech was recorded, he had been in the United States for approximately two years. Prior to his arrival, he had studied English for roughly eight years, starting from around the age of 13, but conversational skills were not a major part of his formal training in English.
The second speaker was a native speaker of American English, an undergraduate student at Indiana University who has lived most of his life in central Indiana. He has had only a modest experience with foreign languages, and has never lived outside of the United States.
Speech Materials
Speech materials were obtained by rst having the Chinese speaker read a list of about 100 short English phrases randomly selected from texts. The phrases were then identi ed 7 by two native English listeners, and those for which the listeners made interesting misidenti cations (e.g. intended phrase \equal size" identi ed as \you're concise") were retained, resulting in 11 phrases. Several of these phrases were then replaced by the listeners' misidenti cations even if they were semantically anomalous, yielding the list shown in the rst column of Appendix A. Semantically anomalous phrases were included in order to facilitate the construction of perceptually similar alternatives for the forced-choiced listening test. The resulting set of phrases were then read by both the nonnative and the native speakers. Recordings were made using an Altec 681A microphone and a Revox A700 1/4-inch reelto-reel tape recorder. The recordings were bandpass-ltered between 20 Hz and 8 kHz and digitized at a sampling rate of 16 kHz. LPC coe cients (18 per frame) were extracted every 5 ms with a 15-ms Hanning window. Source characteristics were also extracted at the same rate by updating information about fundamental frequency, rms energy, and probability of voicing using an algorithm based on the normalized cross-correlation function and dynamic programming, implemented on the Entropic Signal Processing System (ESPS). The LPC and source parameters were fed to a synthesis program to yield LPC-resynthesized tokens of the native and nonnative productions of each phrase, called Original English (OE) and Original Chinese (OC), respectively. Narrow phonetic transcriptions of the resynthesized phrases, transcribed by the rst author, are provided in Appendix B.
Signal Manipulation
Construction of temporally modi ed versions of the phrases was carried out in two steps. First, the utterances were partitioned into prominent acoustic segments by taking the rectied second derivative of the waveform envelope and marking all locations in each utterance where this function showed a peak. The temporal resolution for this segmentation process was 4 ms. Visual inspection of spectrograms and playback of the signal were used to retain only those marks that corresponded to well-de ned acoustic segment boundaries. For the most part, this procedure resulted in successful segmentation of the utterances into vowels, liquids, nasals, fricatives, and stops. In some cases, however, several segments were treated as a single unit because segmentation into smaller units was unreliable.
Second, the acoustic segments in the OC versions were altered in duration to match the corresponding segments in the OE versions, using a dynamic time warping algorithm also implemented on ESPS. Speci cally, the sequence of LPC frames (at 5-ms intervals) for each segment in the OC version was lengthened or shortened, by repeating or skipping frames, so that its length equaled the number of LPC frames for the corresponding segment in the OE version. The algorithm repeated or skipped frames such that the resulting sequence had the best spectral match with the target sequence. Mathematically, this was equivalent to minimizing the sum of the Euclidean distances between corresponding frames in the two sequences, taking each frame of 18 LPC coe cients as a point in 18-dimensional space.
The time-warping algorithm did not refer to the source parameters of the utterances (e.g. fundamental frequency) when it selected the time frames to be repeated or skipped. The warping function was based solely on the LPC coe cients. In order to t the sequence of source parameters (also at 5-ms intervals) with the modi ed length of the LPC frames, the source frames were repeated and skipped in exactly the same fashion as the LPC frames.
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That is, if a given LPC frame was repeated (or skipped), then the corresponding source frame for the same portion of the utterance was also repeated (or skipped). This method may, in principle, yield pitch contours and amplitude envelopes that vary over time in an unnatural manner. However, auditory inspection of the phrases suggested that temporal manipulation of the source characteristics were not perceptually prominent, and that they had little e ect on the overall naturalness of the stimuli.
The LPC and source parameters were time-warped individually for each acoustic segment. These parameters were then processed by the synthesis program to generate temporally modi ed (but spectrally unaltered) versions of the phrases. Warping the OC phrases to match the OE phrases yielded Temporally Corrected Chinese (TCC) versions. Likewise, warping the OE versions to match the temporal pattern of the OC versions yielded Temporally Distorted English (TDE) versions. Together with the OC and OE versions, this yielded four synthetic versions of each phrase, for a total of 44 stimuli (11 phrases 4 timing conditions|OC, OE, TCC, and TDE).
In some instances, the acoustic segments in the OC and OE versions of the same phrase failed to exhibit a one-to-one correspondence. In cases where the input version (the version to be warped) contained a segment that was absent in the target version, the segment was warped to \zero duration"; in other words, it was excluded in the resultant token. Cases in which the input version was missing a segment that appeared in the target version were handled in one of two ways. If the missing segment was a stop closure or pause, then it was extracted from the target utterance and inserted in the resultant token 3 . For any other type of segment, the segment was not inserted, but instead the most appropriate adjacent acoustic segment in the input version was lengthened to compensate for the missing segment. This strategy preserved the global temporal alignment of acoustic segments between the target and the warped versions, at the expense of minor discrepancies in individual segment durations. Figure 1 illustrates how one of the test phrases, \limit contour", was segmented and time-warped. Table I provides some quantitative information on the temporal characteristics of the stimuli. It indicates the total duration of the OC and OE versions of each phrase. It also shows the range of duration modi cations carried out for acoustic segments in each phrase, where the extent of modi cation for each segment is expressed as the ratio of the modi ed duration in the TCC version to the original duration in the OC version. Ratios are shown instead of absolute di erences in ms because ratios are highly relevant in the detection of duration changes (e.g. Lehiste, 1970, p. 11 , and references cited therein). These ranges provide a rough estimate of the maximum extent to which each test phrase was temporally altered. Finally, the table indicates whether the manipulation for each phrase involved \discrete" changes in segmental content, i.e. a deleted segment, an inserted segment, or a segment lengthened to compensate for a missing segment 4 . Figure 1 : Illustration of the segmentation and time-warping procedures used for stimulus construction, for the test phrase \limit contour". The three spectrograms are, from top to bottom, the OC, TCC, and OE versions of the phrase. Vertical lines indicate acoustic segments identi ed during the segmentation process, labelled with phonetic symbols. The lines also illustrate how each segment in the OC version was lengthened or shortened to yield the TCC version, which temporally aligned with the OE version. Notice that one acoustic segment from the OE version, a t] closure from the word \limit", was inserted in the TCC version since it was missing in the OC token. Partly to suppress potential ceiling e ects in listeners' performance on the OE tokens, the stimuli were presented with background \cafeteria noise". The noise was rst used by Dubno and Levitt (1981) , and was recorded in a large, carpeted cafeteria, with subsequent editing to remove transients and intelligible conversation. According to their study, the recording did not contain variations in level which exceeded 1.5 dB, and the long-term averaged spectrum of the noise was similar to that of speech (relatively at to about 600 Hz with a downward slope at higher frequencies of about 10 dB/octave). The synthetic stimuli were presented to listeners at three di erent speech-to-noise ratios:
| Figure missing |
?5 dB (where the speech signal is 5 dB quieter than the noise), 0 dB, and +5 dB. In order to play the stimuli at the speci ed ratios, three copies of each of the 44 stimuli were made at three di erent signal levels, 5 dB apart from each other, yielding a total of 132 distinct stimuli. These stimuli were recorded onto digital audio tapes, and the cafeteria noise was stored on a separate tape. At time of presentation, the level of the stimuli with respect to the noise was adjusted appropriately using calibration tones.
Listening Test 2.2.1 Listeners
A total of 36 listeners were recruited, all of whom were native speakers of American English between the ages of 18 and 35, with normal hearing. No e ort was made to control for factors such as listeners' prior experience with Chinese or other languages; the listeners were expected to represent a heterogeneous group of native English speakers, most of whom were students at Indiana University. They were paid for their participation in the experiment, which lasted roughly 30 minutes.
Procedure
Listeners participated in a four-alternative forced-choice identi cation test. The alternatives for each stimulus, listed in Appendix A, consisted of the correct phrase intended by the speaker, and three distractor phrases which had been obtained prior to the experiment from open-set identi cations by a di erent panel of listeners. This panel consisted of four native English-speaking listeners who listened only to the OC versions and were instructed to write down what they thought they heard, without bias for semantic coherence. The experiment was conducted in a sound-treated room in the Speech and Hearing Center, at Indiana University. Listeners were informed that they would hear short English phrases spoken by either a native or Chinese speaker in a constant background of cafeteria noise, and that, for each phrase presented, they would see four phrases which sounded similar to one another on the response sheet. The listeners indicated which one of the phrases they thought the speaker said by circling the appropriate choice on the response sheet. They were carefully instructed not to base their judgment on the meaningfulness of the choices.
The stimuli were presented through headphones, at 72 dB SPL. After the listeners were familiarized with the cafeteria noise, 16 practice items were presented. The practice items 12 were LPC-resynthesized but temporally unmodi ed phrases based on productions by a native English speaker and a native Chinese speaker, both of whom were di erent from the two speakers used to create the test stimuli. Listeners were given 8 seconds to respond between trials, during which the cafeteria noise continued to play through the headphones.
The practice session was followed by one test session with 60 trials, consisting of a quasirandom sequence of 33 test stimuli and 27 ller stimuli. The ller items were resynthesized but unmodi ed phrases, obtained from the same speakers as the practice items. The ller and practice stimuli were di erent English phrases from the test phrases, some of which were semantically incoherent. The test stimuli were a subset of the entire stimulus set, selected using a Latin-squares design. Speci cally, the 132 distinct stimuli were divided into four subsets, and listeners were randomly assigned to the four groups. The stimulus subsets were constructed such that no listener heard a particular English phrase in more than one timing condition, but each listener gave three judgments for each phrase, one at each of the three speech-to-noise ratios. The order in which each phrase was presented at the three speech-to-noise ratios was counterbalanced across listeners. Furthermore, each listener listened to roughly an equal number of stimuli from the four timing conditions. As in the practice session, the listeners were given 8 seconds to respond between trials, during which the cafeteria noise remained on. The noise was turned o after every 16 trials to allow subjects to take a 20-second break.
Results

Timing conditions and speech-to-noise ratios
In Figure 2 , intelligibility scores are plotted as a function of the four timing conditions, separately for the three speech-to-noise ratios. Data from all 11 test phrases and all 36 listeners are included. Each plotting point is based on 99 judgments.
The left half of Figure 2 includes stimuli in which the spectral and source characteristics were derived from the Chinese speaker. Likewise, the right half of Figure 2 includes stimuli in which the same properties were obtained from the native speaker. The OC and TCC versions together will be referred to as \Chinese-spectral" stimuli, and the OE and TDE versions as \English-spectral" stimuli.
A two-way repeated-measures analysis of variance (ANOVA) was carried out with Timing Condition (4 levels) and Speech-to-Noise Ratio (3 levels) as within-subjects factors. The dependent variable was the number of test phrases correctly identi ed by each listener within each cell (out of two or three phrases) 5 . Results showed a signi cant main e ect of Timing Condition F (3; 105) = 40:06; p < :001], indicating that the four synthetic versions of each 5 The dependent variable in the ANOVA assumed integer values between zero and three. This may be somewhat more discrete than one might expect for a procedure that assumes continuous normal distributions, and the statistical inferences may need to be interpreted with some caution. However, the procedure is fairly robust to violations of normality, especially if sample variances are similar to one another (e.g. Box, 1953) , which was the case in the present data. An alternative statistical test using hierarchical log-linear analysis (e.g. Agresti, 1984 Agresti, , 1990 ) was also conducted, treating listeners' responses as a categorical variable. Backward elimination of factors yielded a statistical model with interpretations similar to the ANOVA. phrase varied signi cantly in intelligibility. Planned comparisons were also conducted to further partition the main e ect. These test revealed, rst, that intelligibility was signi cantly di erent between the Chinese-and English-spectral stimuli F (OC+TCC) vs: (OE+TDE) (1; 35) = 87:31; p < :001]. As Figure 2 shows, the scores were above 70% correct for the Englishspectral tokens, while they were generally below 50% correct for the Chinese ones. Second, among the English-spectral tokens, temporally distorted versions were signi cantly less intelligible than the undistorted ones F OE vs: TDE (1; 35) = 9:26; p < :004]. The scores dropped from an average of 93.6% correct in the OE condition to 82.8% correct in the TDE condition. Finally, temporal correction of the Chinese tokens led to a signi cant increase in intelligibility F OC vs: TCC (1; 35) = 8:80; p < :005]. The scores rose from an average of 39.0% correct to 58.3% correct between the OC and TCC conditions, respectively. Speech-to-Noise Ratio did not show a signi cant main e ect F (2; 70) = 2:40; p < :099], but there was a signi cant interaction between this and Timing Condition F (6; 210) = 4:47; p < :001]. To further examine this, the data were divided into scores from the Chinesespectral stimuli on one hand, and scores from the English-spectral stimuli on the other. Separate ANOVA's were conducted on these subsets, with Speech-to-Noise Ratio (3 levels) and Timing Condition (2 levels: either OC and TCC, or OE and TDE) as the independent variables. The Chinese-spectral data showed no signi cant e ect of Speech-to-Noise Ratio F (2; 70) = 0:54; p < :583] nor a signi cant interaction with Timing Condition F (2; 70) = 1:35; p < :266]. It appears that speech-to-noise ratio did not exert systematic e ects for these stimuli. On the other hand, the English-spectral data showed a signi cant main e ect of Speech-to-Noise Ratio F (2; 70) = 12:91; p < :001] along with a signi cant interaction 14 F (2; 70) = 4:27; p < :018]. For these tokens, higher speech-to-noise ratios led to better performance by the listeners, although intelligibility change due to temporal distortion was smallest at the highest speech-to-noise ratio (+5 dB), presumably due to a ceiling e ect in the OE condition.
Stimulus naturalness
It is instructive at this time to assess the \naturalness" of the synthetic speech stimuli used in this study. The above results may be somewhat confounded if, for instance, the signal manipulations unevenly degraded perceived naturalness between the two speakers, or across the test phrases. To determine this, three trained phoneticians were asked to rate the degree to which the stimuli \sounded like human speech". The stimulus set consisted of the 44 synthetic stimuli, along with the original human productions by the native and nonnative speakers. On each trial, the raters were rst shown what the intended phrase was on the computer screen. Then, the raters heard the stimulus repeated twice through the headphones. Responses were given on a 10-point scale, with \1" for highly unnatural stimuli, and \10" for normal speech. In order to \anchor" the raters' responses, stimuli which were considered to correspond well to ratings of 1 and 10 were demonstrated to the raters prior to the test trials 6 . The entire set of stimuli was presented two times in di erent randomized orders, for a total of 132 responses ((44 synthetic speech stimuli + 22 normal speech stimuli) 2 responses) from each of the three raters. The naturalness ratings were highly consistent within each rater and across di erent raters. Correlational analysis of the ratings using Pearson's r revealed that the mean intrarater correlation was 0.904, while the mean pairwise inter-rater correlation was 0.850. In Table II , mean ratings and standard deviations are given for the two speakers and the three stimulus types (normal speech vs. temporally unmodi ed synthetic speech vs. temporally modi ed synthetic speech). As the table shows, there were clear di erences in rating scores between normal speech stimuli and synthetic stimuli, suggesting that the raters could reliably distinguish normal speech from the LPC-resynthesized tokens.
A two-way repeated-measures ANOVA was carried out to determine whether the ratings systematically varied between the two speakers and between the two synthetic speech conditions (not including data from normal speech). The data showed no signi cant main e ect of Speaker F Chinese vs: English (1; 2) = 4:633; p < 0:164], no e ect of Timing Condition F unmodi ed vs: modi ed (1; 2) = 7:102; p < 0:117], and no signi cant interaction F (1; 2) = 0:407; p < 0:589]. Even though the mean ratings in Table II appear to suggest that the temporal modi cations may have slightly degraded the naturalness of the stimuli, the e ect was statistically negligible, and did not signi cantly di er between the native and nonnative speakers.
To determine whether the e ect of temporal manipulation varied among individual phrases, a similar test was run with Timing Condition (2 levels) and Phrase (22 levels 
Variability across listeners
The present study treated the intelligibility scores as originating from a single mixed population of native listeners. Although this assumption may be reasonable, individual listeners did vary in their performance in the perception test (cf. Flege, Munro, and MacKay, 1995) . For example, in one sub-group of listeners who listened to a particular subset of the stimuli, one listener responded correctly to 79% of the trials (33 trials in total), while another listener responded correctly only 48% of the time.
Listeners also varied in their sensitivity to the temporal manipulation, which can be estimated, for instance, by the mean di erence in intelligibility scores between the OC and TCC conditions and between the TDE and OE conditions. When averaged across sub-groups of listeners, it was found that listeners who were most a ected by the manipulation had a mean di erence in intelligibility of about 40 percentage points. In contrast, listeners who showed the lowest changes had a mean di erence of about ?4 percentage points, indicating that intelligibility changed in the opposite direction for some listeners.
Variability across phrases
In Figure 3 , intelligibility scores are plotted as a function of the timing conditions, separately for the 11 test phrases. The data are collapsed across the three speech-to-noise ratios. Each plotting point is based on 27 judgments by listeners.
As the gure shows, there was considerable variability in intelligibility across phrases, especially for the Chinese-spectral stimuli. For the English-spectral stimuli, intelligibility scores were generally above 60%, and over half of the phrases in the OE condition received 100% correct responses. Scores for the Chinese-spectral tokens, by contrast, covered a much wider range, from 11.1% correct (phrase K) to 92.6% correct (phrase F). The scores for the OC phrases were more or less uniformly distributed, while over two-thirds of the TCC phrases received scores above 50%. The slope of the line segments between the OC and TCC conditions further indicates that intelligibility change due to temporal correction was highly variable across phrases, ranging from an increase of 70.4 percentage points (phrase F) to a decrease of 26.0 percentage points (phrase H). The variability in degree of intelligibility change is in some sense expected because the test phrases di ered in the degree of temporal transformations between the OC and TCC versions. This can be veri ed, for instance, in Table I which provides the range of segment duration ratios between the modi ed and unmodi ed versions of each phrase. The table indicates that the range for some phrases was larger than for others, suggesting that some phrases involved more extensive durational modi cations. Such di erences may partially account for the variability in the magnitude of intelligibility change.
To examine this, Figure 4 shows a scatterplot with the ranges from Table I on the xaxis and percent change in intelligibility on the y-axis. The left and right panels show data from the Chinese-spectral and English-spectral stimuli, respectively. For the Chinesespectral tokens, it is expected that a larger degree of temporal correction would lead to a larger increase in intelligibility. Figure 4(a) shows that almost all data points roughly t this expectation, except for phrase H, \mountain ridge". A linear regression applied to data points for all phrases except this phrase revealed that 77% of the variability in intelligibility change is accounted for by the simple measure of degree of temporal correction given in Table I . The phrase \mountain ridge" had a large range of duration modi cations, but it led to a large decrease in intelligibility. In Figure 4 (b), one might expect to nd a similar but opposite trend where larger temporal distortions are correlated with larger decreases in intelligibility, but such a trend was not observed.
Discussion
Results from this study indicate that native listeners' ability to recognize English phrases is signi cantly in uenced by whether or not the phrases have appropriate native-like temporal properties, as established by a native speaker. This was demonstrated in two ways: (1) intelligibility of the native productions deteriorated (by 5{15 percentage points) when they were warped to match the nonnative temporal patterns, and (2) intelligibility of the Chineseaccented tokens improved (by 15{25 percentage points) when they were temporally corrected according to the native patterns. Table III : E ects of temporal vs. \spectral" features (including spectral and source characteristic) on intelligibility scores. The four timing conditions are arranged in a 2-by-2 table on the basis of whether the temporal and spectral features of the stimuli were derived from the native speaker or the nonnative speaker. Each cell provides the intelligibility score for a given timing condition. Di erences in intelligibility scores within each row and within each column are provided as estimates of the relative perceptual conribution of temporal and spectral properties, respectively.
The relative role of temporal and spectral features
The present experiment focused on the temporal dimension of speech, but it is also possible to estimate the perceptual contribution of features that were not explicitly manipulated. This can be achieved by comparing listeners' performance between timing conditions in which the temporal properties of the stimuli were derived from the same speaker, but where other features|spectral quality and source characteristics|were derived from the native speaker on one hand and the nonnative speaker on the other. Table III summarizes the result of such an analysis across the four timing conditions. As the table indicates, the temporal characteristics of OE and TCC stimuli were both derived from the native speaker, while those of OC and TDE tokens were derived from the nonnative speaker. The primary di erence within each of these pairs is the origin of the spectral features: the native speaker in one condition and the nonnative speaker in the other. Comparison of listeners' performance within each column of Table III suggests that the use of native vs. nonnative spectral features a ected the intelligibility of the stimuli by approximately 35{44 percentage points. In contrast, di erences within each row of the table indicates that the in uence of native vs. nonnative temporal features was approximately 11{19 percentage points.
Thus, even though the changes in intelligibility caused by temporal modi cations were signi cant, the magnitude of this e ect appears to be relatively small compared to the e ect of the spectral characteristics of the utterances. These results are similar to the ndings of Maassen and Povel (1985) for Dutch HI speech.
Temporal properties of Chinese-accented English
As mentioned earlier, the transformation method utilized in this study does not allow one to reliably separate the temporal dimension into factors operating at various levels of de-19 scription. However, it is of interest to identify some salient temporal features of the Chinese productions, and to see how they relate to intelligibility.
For instance, Table I indicates that the temporal manipulations for many phrases involved insertion, deletion, or compensatory lengthening of acoustic segments, suggesting that the Chinese speaker produced numerous segmental errors which a ected syllable shape. Many of these errors were also consistent with a tendency to avoid producing consonant clusters through either vowel epenthesis (e.g. phrase F, \foreign market") or consonant deletion (e.g. phrase A, \briefest outline") (cf. Tarone, 1980) . Locating these phrases in Figure 4(a) , it is evident that these phrases were generally associated with more positive changes in intelligibility than phrases which did not involve such \discrete" modi cations (i.e. phrases B, C, D, and H). Thus, it appears that intelligibility gain from temporal correction was stronger when modi cations of segmental content and syllable patterning were involved than when they were not.
Of the four phrases which involved no modi cations in segmental content, one of them showed a modest increase in intelligibility (phrase B, \change color"), while another phrase showed a large decrease (phrase H, \mountain ridge") (see Section 4.3). The other two phrases showed virtually no change in intelligibility (phrase C, \dizzy tension" and phrase D, \equal size"). Of these two, however, one of them (phrase C) showed a strong but unexpected e ect of temporal correction, whereby listeners' responses drastically increased for one of the distractor phrases, \visitation", from 33% in the OC condition to 67% in the TCC condition. (A similar pattern was also found for phrase E, \ ying low"; listeners' responses to the distractor \ ail north" increased from 33% to 67% as a result of temporal correction.) Thus, three out of the four tokens revealed some sort of e ect on the native listeners' responses, suggesting the perceptual relevance of solely \durational" manipulations. However, these e ects were not generally re ected as increases in the intelligibility score, and they were less prominent than the perceptual e ects observed for phrases which contained \discrete" segmental changes.
Several other types of temporal di erences can be observed between the native and nonnative productions. Figure 5 displays schematized waveforms for four sample test phrases (F, \foreign market"; K, \shelled egg"; A, \briefest outline"; H, \mountain ridge"). The rst three showed the most improvement in intelligibility between the OC and TCC conditions, while the last one showed the largest drop in intelligibility (see Figure 3) . Each panel of this gure shows two \waveforms", the top one for the OC (and TDE) version and the bottom one for the OE (and TCC) version. The acoustic segments that were identi ed during the segmentation process (see Section 2.1.3) are depicted, with appropriate phonetic symbols. To illuminate the pattern of lengthening and shortening between corresponding segments in the two waveforms, a dark shade is shown between segments that were shorter in the OC version than in the OE version, a light shade is shown for segments that were longer in the OC version, and no shading is used for segments that were equal in duration between the two versions.
One common pattern observed among phrases in Figure 5 is that the overall duration of the OC phrases was consistently shorter than the corresponding OE phrases. This was in fact the case for all test phrases, as indicated in Table I . An OC phrase was on average 166 ms shorter than (or 82% as long as) its OE counterpart, with the largest di erence of 368 ms (or f wε na duration ratio of approximately 3:5) for phrase K, \shelled egg" (Figure 5(c) ). The shorter duration of OC phrases may be due to di erences in overall speaking rate employed by the two speakers, but it is possible that relatively fast speech may be a shared characteristic among some Chinese speakers of English.
Another observation from Figure 5 is that many acoustic segments containing vowels (depicted as ovals in the schematic waveforms) appear to be less variable in duration in the Chinese speaker's tokens than in the native ones. This may be related to a tendency by the nonnative speaker to reduce the durational contrast between English stressed and unstressed syllables (cf. Hutchinson, 1973) . When durations were compared between vocalic segments within some disyllabic words, such as between ar] and ] in \market" (Figure 5(a) ), between bri] and ] in \briefest" (Figure 5(c) ), and between awn] and ] in \mountain" (Figure 5(d) ), the rst vocalic segment in each word (stressed) was longer than the second vocalic segment (unstressed) by an average of 13 ms in the nonnative productions. The di erences were much larger in the native speaker's productions, with an average of 90 ms.
Modi cation of these temporal features are generally correlated with enhanced intelligibility (see Figure 3) . For phrase K (\shelled egg"), for instance, temporal correction included a drastic increase in the overall duration of the phrase, along with the insertion of a pause between the two words. The corrections led to an intelligibility gain of 48.2 percentage points. For phrase F (\foreign market") and phrase A (\briefest outline"), correction of stress-related durations in disyllabic words, along with the correction of epenthetic vowels and simpli ed consonant clusters, is accompanied by a gain in intelligibility of 70.4 and 44.5 percentage points, respectively. Table I and Figure 5 suggest that Chinese-accented English utterances may deviate from the native norm with respect to a number of temporal properties, such as syllable patterning, speaking rate, and stress-related durational contrast. The present data indicate that the combination of these and other properties exerts signi cant in uences on the intelligibility of the accented productions. However, because temporal correction for any given test phrase involved simultaneous manipulation of many factors, the percuptual contribution of individual features is unclear. Figure 3 shows that temporal manipulation of some test phrases resulted in intelligibility changes in the opposite direction. This result can be related to several experimental factors: (i) The speech analysis-synthesis procedure occasionally failed to reproduce the original utterances accurately. (ii) Manipulation of segment durations interacted in various ways with other perceptually relevant acoustic cues, such as spectral quality. (iii) Some of the distractor phrases were \too e ective" as response choices.
Limitations
For example, intelligibility for phrase H, \mountain ridge", dropped by 26.0 percentage points as a result of temporal correction. Auditory inspection of the Chinese-spectral versions suggested that the initial m] was weak in nasality, possibly due to poor reproduction of nasal segments by all-pole models such as LPC (O'Shaughnessy, 1987, p. 336) . Second, the correction of stress-related duration in \mountain"|i.e. lengthening of the rst syllable rhyme and shortening of the second|may have excessively enhanced the perceptual saliency 22 of the rst vowel, which had a monophthongal ]-like quality without a w]-like o glide in the nonnative production. Third, all three distractors for this test phrase contained the diphthong /ej/ for the second word, which re ected a vowel quality error in the Chinese speaker's production of the word \ridge" (see Appendix A). The similarity between the misarticulated vowel and the vowel that appeared in the distractors may have made these alternatives more viable as responses for the listeners.
Future Directions
All in all, this study has raised more questions than it has answered. First, the Chinese speaker's productions were all found to have shorter overall durations than the native speaker's productions. It is therefore an open question as to whether the observed improvement in intelligibility was due to the correction of temporal properties per se, or whether similar results would have been obtained if the acoustic segments in the Chinese productions were lengthened across the board, without regard to the native durational patterns.
Second, this study used a forced-choice paradigm to measure intelligibility, primarily so that listeners' responses could be analyzed in a straightforward, \right-or-wrong" fashion. As suggested above, part of the results may have been artifactually a ected by the particular choice of distractor phrases. That is, some distractors may have been more perceptually similar to the correct phrase than others, and some phrases may have been more semantically coherent (or \more likely to occur in English") than others. However, since the response alternatives provided to listeners were held constant across the timing conditions, any changes in the intelligibility score across conditions were not due to di erential e ects of the alternatives.
Third, there were only a very small number of stimuli which underwent solely \dura-tional" manipulations, i.e. stimuli which did not contain \discrete" segmental changes. The present data suggest that these manipulations were perceptually relevant, but it is of theoretical and practical interest to examine the e ect in a more thorough fashion.
Fourth, this study evaluated the perceptual e ects of temporal correction based on a single nonnative speaker of English. The extent to which similar results would be obtained with other Chinese speakers, or L2 learners with other language backgrounds, is yet to be empirically determined.
The use of utterances from only a small set of speakers raises another point, namely, that stimulus construction in this study was a highly time-consuming process. The particular method utilized here was the outcome of a long trial-and-error process of selecting a reasonably optimal set of parameters for utterance segmentation, LPC coding, and dynamic time-warping, making use of the technology that was available. There are likely to be other methods of speech resynthesis that yield more human-like speech, such as the coding of LPC parameters based on pitch-synchronous analysis instead of xed-frame analysis.
Finally, the main result of the experiment provides some quantitative support for claims that have been made regarding the role of speech timing and rhythm on the intelligibility of FA utterances (e.g. Nelson, 1982; Kenworthy, 1987) . The implication of this study for pedagogical purposes is also clear. If instrumental modi cation of temporal properties results in enhanced intelligibility, then there is good reason to believe that nonnative speakers would
